In this communication, the authors report on the first high power emission obtained using a solid non-filamented core fully-aperiodic large pitch fiber manufactured by the REPUSIL method which is based on the sintering and vitrification of micrometric doped silica powders. Using a simple laser cavity, an average output power of 252 W was achieved for the first time in such a fiber with an available pump power of 400 W, corresponding to an optical-to-optical efficiency of 63 %. The M 2 measurements have shown an excellent beam quality with values close to 1.4 at full power and lower than 1.3 for signal power lower than 215 W.
INTRODUCTION
Over the two last decades, high power fiber lasers became relevant coherent light sources providing characteristics in line with the requirements of many applications such as micromachining or medicine (surgery). Owing to their low quantum defect, Yb-doped fiber laser enables an effective power scaling reaching up to 10 kW in continuous wave operation [1] as well as GW peak power in femtosecond pulses regime [2] . This exponential evolution in emitted power of fiber laser sources has been permitted by the development of (Very-) Large Mode Area fibers (V-LMA) such as airsilica Large-Pitch Fibers (LPF). However, the high power level borne by air-silica LPFs led to the evidence of a new limiting process referred to as 'Modal Instabilities' [3] [4] . Indeed, rare-earth doped fibers suffer a heat load proportional to the absorbed power which will ultimately reshape transversally and longitudinally the refractive index and induce fast energy transfers between the guided modes (at least the fundamental and the first high-order mode). In this context, several strategies can be undertaken to struggle against modes instabilities, such as reducing the core mode content by reinforcing the rejection of high-order modes. In this attempt, original fiber structures have been devised to ensure robust singlemode propagation [5] [6] [7] [8] . In this communication, the potential of an aperiodic cladding to delocalize efficiently the high order modes out of the gain region and ensuring an effective singlemode behavior will be presented onto a non filamented-core Yb-doped fullyaperiodic large pitch fiber.
THERMALLY RESILIENT FULLY-APERIODIC LPF
Among the VLMA fibers designed lately, Large-Pitch-Fibers stands as the leader to deliver high average power in both continuous and pulses regime [2, 9] . In order to get a real reference for our study, we have investigated the modal content of an air-silica standard LFP. For this we have numerically computed the intensity overlap of all the guided modes of such fiber with the gain region and determine the modal discrimination. This criterion is defined as the difference in overlap factor between the fundamental mode and the most confined HOM. In this model, to proclaim efficient singlemode amplification, two criterions must be satisfied: the overlap of the fundamental mode has to be higher than 80 % while the modal discrimination exceeds 30 %. Several fiber structure have been designed to improve the modal discrimination by breaking the fiber symmetries and preventing the avoiding crossing [10] . The outcome design, referred to as Fully-Aperiodic Large Pitch Fiber (FA-LPF), which offers theoretically a strictly singlemode propagation in the fiber core, enabling to fend off the modal instabilities threshold, is the design presented in figure 1(a) with the schematic representation of his refractive index profile in figure 1(b) . It is worth noting that an original approach was adopted regarding the refractive index profile. While restricted to that of the pure silica into most of VLMA fibers, the background refractive index is here relieved from this constraint in the core (n gain ) and the inner cladding (n HI ), enabling for higher concentration in dopants. Finally, low index inclusions were embedded into the high-index background material in an asymmetric/aperiodic fashion in order to improve the HOM delocalization. Figure 1 (c) compares the evolution of the fundamental mode overlap factor (solid line) as well as the modal discrimination (dashed line) into the standard air-silica LPF (black curves) and the fully-aperiodic LPF (blue curves) versus the heat loading. For both structures, the pitch was set to 45 µm. Figure 1(c) shows the benefit of a judicious aperiodic cladding structure to delocalize efficiently the HOMs out of the gain region. This results in a higher threshold of theoretical multimode regime, that is to say the value at which the modal discrimination gets lower than 30%. One can notice that the air-silica LPF enters the multimode regime for heat load of 21 W/m while the FA-LPF structure can preserve a high power singlemode trend up to 38 W/m owing to a stronger rejection of the HOMs. Thus, such aperiodic design, pushes away the threshold of the multimode regime and in principle, that of the mode instabilities by 85 %. The potential of the FA-LPF structure to obtain a strong rejection of the HOMs out of the gain region has been proved experimentally with passive fibers over a large span from 1 µm to 2 µm and for large dimension core until 140 µm [11, 12] but was not yet confirmed on an active structure.
MATERIAL FABRICATION CHALLENGE
The challenge relies then on the fabrication of two distinct materials, one for the gain region (in red in figure 1(b) ) and a second for the high index passive region (in blue in figure 1(b) ) matched in refractive index (n gain = n HI ) to ensure a singlemode behavior. In contrast to the standard time and money consuming core filamentation [13] , the fabrication in a single run process of these glasses has never been yet achieved. To reach this aim, the REPUSIL method, based on the sintering and vitrification of doped-silica micrometric powders, was chosen owing to its high degree of control over the refractive index value and homogeneity [14] . Thanks to it, the synthesis of large volume of high purity and homogeneous doped silica glass with a refractive index control lying in the range of 1.10 -4 for each material is made possible. The challenge is to have a perfect matching with two materials based on different raw glasses and fabricated independently. In order to estimate the index matching between the two glasses that has been produced in this work, a step index fiber represented in figure 2(a) has been made. The mapping of the fiber refractive index, presented in figure 2(b) , has been acquired with the commercial InterFiber Analysis-100 system and a statistical analysis of the graph shows a refractive index of the core region in excess of 1.5.10 -4 compared to the high index rods. To preserve a singlemode behavior with this slightly index mismatching, the numerical model shows that the gain region diameter cannot exceed a dimension around 40 µm, as is represented in figure 2(c) by the red lines. Consequently we have decided to draw an active non filamented FA-LPF with these specifications.
EXPERIMENTAL SETUP AND RESULTS
The drawn fiber has a core diameter of 40 µm (average distance between low-index inclusions surrounding the active core) corresponding to a mode field area of 910 µm², an air-clad diameter of 210 µm and an outer diameter of 1.2 mm represented in figure 3(a) . The first experiment aimed at exciting the different modes guided in the fiber core by coupling a commercial singlemode laser source. We have obtained a good correlation between the computed and the measured fundamental mode as it is represented in figure 3 (b) and figure 3(c). However, due to the tiny index mismatching, the propagation of the LP 11 mode into the core ( figure 3(d) ) was evidenced by a slight modification of the launching conditions. With a perfect index matching the LP 11 mode should be rejected out of the gain region, as is represented in the figure 3(e). The numerical model confirms a good correlation between the measured and the numerical LP 11 modes for an index mismatching of 1.5.10 -4 ( figure 3(f) ). Then, to describe for the first time the potential of such active FA-LPF, we placed a 90 cm-piece of this fiber into a laser cavity based on the 0° polished end facet and the high-reflectivity broadband mirror HR1030. This cavity is pumped by a multimode fiber laser diode of 400 W emitting at 976 nm (D = 400 µm and NA = 0.22). The experimental set-up is represented in figure 4 with the laser cavity and the measurement system. In this configuration, the evolution of the signal power and the different near-field intensity distributions versus the available pump power is reported in the figure 5. At a maximum pump power of 400 W, a signal power of 252 W corresponding to an optical-to-optical efficiency of 63 % was achieved. The measured near-field intensity distributions present congruent with the simulated beam for the signal power lower than 215 W. Then, beyond this signal power, we have observed a deformation of the signal beam due to the thermal loading in the fiber and the index mismatching. In these graphics, two major aspects should be noticed. First, the M 2 values are lower than 1.3 up to a signal power of 215 W and the fundamental mode LP 01 dominates the modal content. Then, beyond this output power level, the M 2 values increase and the average M 2 measurements are reaching 1.4 at the maximum output power. This evolution of the M 2 measurements is in accordance with the near-field intensity distributions and the deformation of the output beam beyond around the 215 W. This evolution can be explained by progressive re-confinement of LP 11 which may benefit from a sufficient gain to disrupt the beam quality during the rise of heat load in the fiber.
CONCLUSION
In conclusion the first laser demonstration into an aperiodically structured LPF was reported in this communication. The fully-aperiodic cladding allows to optimize the rejection of HOMs out of gain region and fend off the threshold of multimode regime was employed. The fiber core was synthesized by the REPUSIL technique so as to match in only one step the refractive index between the gain region and the high index background. Despite a slight index mismatching of 1.5.10
-4 , we have demonstrated for the first time, with such actively doped FA-LPF, an emitted power reaching up to 252 W for a maximum pump power of 400 W corresponding to an optical-to-optical efficiency of 63 %. The M² measurements have shown an excellent beam quality lower than 1.3 for signal power until 215 W and 1.4 at full power at 252 W. Further synthesis aims at refining the refractive index control to ensure a singlemode trend with higher power level and for larger core dimensions.
